Abstract. An ~6-year long period of volcanic sulfate recorded in the GISP2 ice core about 71,100 + 5000 years ago may provide detailed information on the atmospheric and climatic impact of the Toba mega-eruption. Deposition of these aerosols occur at the beginning of an ~1000-year long stadial event, but not immediately before the longer glacial period beginning ~67,500 years ago. Total stratospheric loading estimates over this ~6-year period range from 2200 to 4400 Mt of H2SO4 aerosols. The range in values is given to compensate for uncertainties in aerosol transport. Magnitude and longevity of the atmospheric loading may have l•.d directly to enhanced cooling during the initial two centurie• of this ~1000-year cooling event.
Introduction
The late Quaternary eruption of Toba, Sumatra, about 74,000 years ago produced 2500-3000 km 3 of magma (dense rock equivalent), almost two orders of magnitude greater than that produced by the largest known recent historical eruption (Tambora, A.D. 1815) [Rose and Chesner, 1987; Rose and Chesner, 1990; . Thus, the environmental and climatic effects of a mega-eruption like Toba have not been felt by society as we know it today. Previous assessments of the atmospheric impact of the Toba eruption have relied on estimates of the amount of sulfur emitted as approximated by mineralogical studies of the eruptive products [Rose and Chesner, 1990] and by an upward extrapolation based on the ratio (gas emitted/volume of erupted magma) for several historical eruptions [Rampino et al., 1988; Rampino and Self, 1992] . These data have been compared to nuclear winter scenarios to postulate that the global climatic impact of the Toba eruption would have been severe (i.e., volcanic winter) [Rampino and Self, 1992] . We now present a more detailed assessment of the atmospheric impact of the Toba eruption through high-resolution glaciochemical and electrical (ECM) records in the GISP2 ice core, Summit, Greenland.
Interest in the atmospheric and climatic impact of the Toba eruption has stemmed from the possible coincident timing of the eruption with the initial phases of the last glaciation around 72,000 years ago [Rampino and Self, 1992; 1988], compared to a maximum x value (at 41-71øN) of 1.3 for the Tambora eruption 0.5 year after the eruption [Stothers, 1984] . The optical depth for the Tambora eruption may be less because the 1.3 value was derived from the acidity record of the Cr•te ice core [Stothers, 1984] and Zielinski [1995] found that optical depths based on ice core loading estimates may be 2-5x too high. An e-folding time for the Toba aerosols of about one year would result in several years with x > 0.1, values that would have produced a maximum northern hemispheric cooling of 3-5øC for several years following the Toba eruption [Rampino and Self, 1992; .
Continuous measurements of the complete suite of major ions, solid ice electrical conductivity (ECM), and oxygen isotopes over the entire length of the GISP2 core enabled us to evaluate the timing of the eruption relative to changing climatic conditions during the last interglacial/glacial transition (80,000-60,000 years ago). Peaks in SO42' ] and electrical conductivity [Hammer et al., 1980] reflect deposition of volcanically-derived aerosols (i.e., H2SO4), whereas the time series of oxygen isotopes [Dansgaard et al., 1993] and specific glaciochemical parameters like Ca 2+ ing significant SO4 2' aerosol deposition for a period between ~6 and 7.5 years depending on the actual length of signal within the 1.5-year samples (Figure 2 ). To be conservative we suggest that deposition of H2SO 4 from the Toba eruption lasted for six years. There is no evidence of folding or shearing in this immediate section of core nor is there a repeat in concentrations that could imply some sort of post-depositional modification of the signal. We also do not see a symmetry to the signal suggesting diffusion of the acid. The duration of the GISP2 Toba signal thus appears to be accurate and of a length that would have had a significant climatic impact. Another key factor in determining the role Toba played in initiating or modifying this cooling event is determining if the quantity and longevity of the Toba aerosols in the stratosphere were of sufficient magnitude to lead to cooling of ocean surface temperatures that would then lead to a complex response from the linked ocean-atmosphere system. Pollack et al. [1976] suggested that a volcanic pertubation has to be sustained for 4 years for the ocean-atmosphere system to achieve a steady-state temperature decrease. The apparent ~6-year residence time of Toba aerosols would be appropriate for forcing a response in the ocean-atmosphere system probably through some feedback that may have amplified the volcanic perturbation and then created its own forcing component.
To quantify the atmospheric impact of the eruption, we calculated the flux of volcanic SO42' at the GISP2 site to estimate the range of stratospheric loading values resulting from the stratospheric injection of Toba aerosols (Table 1) . There are several sources of uncertainty in these calculations, thus we provide a range of possible loading values. Foremost may be the overestimation (2-5x) of stratospheric loading values using ice core records because of some tropospheric transport to the deposition site [Zielinski, 1995] . We provide intermediate and minimum estimates of the atmospheric loading, although tropospheric transport from Toba to Greenland may have been minimal considering the equatorial location of the volcano. Consequently the intermediate to maximum values given in Table 1 This enhanced cooling is reflected in the distinct Ca 2+ peak at the very beginning of the stadial ( Figure 1A ). Other stadials in the record fail to have such a period of enhanced Ca 2+ deposition prior to the main peak of the event ]. The Ca 2+ record for the stadial centered around 74,000 years ago ( Figure 1A ) is more representative of the form that these ~1000-year long events take in the GISP2 record.
Summary
Our assessment of the atmospheric impact of the Toba mega-eruption strongly suggests that eruptions of this magnitude can significantly modify atmospheric conditions to the point of playing a role in forcing climatic cooling on century time scales. A key point in allowing such drastic environmental changes to occur is the assumption that the magnitude of the stratospheric loading we calculated and the residence time of 6-7.5 years for Toba aerosols will lead to cooling of ocean surface temperatures and the initiation of a complex response from the linked ocean-atmosphere system. We encourage the use of these data in modeling studies to verify or dispute the conclusions we present here. If our conclusions are correct, an eruption of Toba's magnitude occurring today would have devastating repercussions (i.e., a true volcanic winter).
